Carnivores do not vary markedly in their digestive efficiency for protein and fat, but whether they resemble other trophic guilds (omnivores and herbivores) in this respect has not been evaluated. We collated data on apparent crude protein (CP) and crude fat (ether extracts, EE) digestibility in 157 mammal species, applying the Lucas principle of regressing digestible nutrient content against nutrient content, where the slope of the regression equation represents the true digestibility and the intercept the metabolic losses per unit dry matter intake. The data collection is marked by the evident uneven distribution of dietary nutrient contents across trophic guilds and differences in the nutrient range by which different species have been evaluated, making statistical interpretation difficult. Results indicate a lower true digestibility of CP in herbivores compared to carnivores, most likely due to a lower digestibility of fibre-bound protein in herbivore diets. Metabolic CP losses did not appear to differ between trophic guilds, but herbivores had higher metabolic EE losses, compatible with the hypothesis that a higher proportion of metabolic CP losses were bound in microbes that also contain lipids in herbivores. Among herbivores, no clear pattern was evident that would indicate a difference in metabolic losses associated with microbes between digestive strategies (coprophagy, foregut/hindgut fermentation). Foregut fermenters had a lower true EE digestibility, possibly linked to the hydrogenation of lipids in their forestomach prior to digestion. The results do not demonstrate clear differences in digestive efficiency and metabolic losses for protein and fat between mammalian trophic guilds and digestive strategies, leading to the hypothesis that the process of CP and EE digestion is not physiologically challenging and hence does not lead to a noticeable differentiation between species or species groups.
Introduction
Carnivorous and herbivorous mammals typically achieve very different nutrient digestibilities, and their diets differ distinctively in nutrient content. For example, a typical beef-based diet fed to cheetah (Acinonyx jubatus) in captivity contains 45% crude protein (CP; all values per dry matter DM) and 37% ether extracts (EE; 'crude fat'), and the animals achieved apparent digestibilities (aD) for CP and EE of 93 and 94% respectively (Vester et al., 2008) . In contrast, a typical diet of lucerne hay and concentrates fed to black rhinoceros (Diceros bicornis) in captivity has CP and EE contents of 15 and 2% DM, respectively, and black rhinos achieve aD CP and aD EE of 66 and 45% . However, whether these differences in apparent digestive efficiency reflect differences in the digestive physiology of carnivores and herbivores, or whether they are simply caused by the difference in dietary nutrient content, has not been investigated so far.
Carnivores and herbivores differ in their digestive anatomy and -presumably -digestive physiology. This is most evident with respect to the extent by which they harbour, and depend on, microbes for digestion (Stevens and Hume, 1998; Karasov and Mart ınez del Rio, 2007; Barboza et al., 2009) . From carnivores to omnivores to herbivores, the contribution of microbes to digestive efficiency increases, in particular with respect to plant fibre digestion. At the same time, the morphological structures of the gastrointestinal tract that offer a habitat to these microbes -the so-called fermentation chambers -become more prominent (Stevens and Hume, 1998; Karasov and Mart ınez del Rio, 2007; Barboza et al., 2009 ). In the literature on comparative digestive physiology, these differences are often emphasized. Herbivorous mammals are further differentiated by the location of the fermentation chamber into foregut or hindgut fermenters, and by their digestive physiology into non-ruminant or ruminant foregut fermenters, and non-coprophageous and coprophageous hindgut fermenters (e.g. M€ uller et al., 2013) . Comparative analyses of digestive efficiency have traditionally been performed on a single trophic guild, such as within carnivores (Vester et al., 2008; Clauss et al., 2010) but especially with a large number of studies within herbivores (e.g. Foose, 1982; Ud en and Van Soest, 1982; Clauss et al., 2008; M€ uller et al., 2013; Steuer et al., 2014; Hagen et al., 2015b) . In particular, differences in fibre digestion and differences in the reduction in overall digestibility due to increasing dietary fibre levels (Demment and Van Soest, 1985; Hagen et al., 2015a) were investigated between herbivore species. Comparisons across the trophic guilds, in contrast, are rare. The most comprehensive data compilation is that of Robbins (1993; p. 296-297) , who showed that true protein digestion (see below for a definition) hardly varies between species of different guilds.
In contrast, such comparisons have been made with respect to nutrient requirements, in particular with respect to protein. They indicated metabolic adaptations to dietary niches, such as the particularly high protein requirement of domestic cats and other obligate carnivores (Morris, 2002) or the particularly low protein requirements of nectarivores (Smith and Green, 1987) . Correspondingly, differences in digestive efficiency appear intuitive. They could be explained theoretically by ultimate causes, such as an increased efficiency compensating for a low dietary nutrient content (as protein in herbivore diets), or by proximate causes of digestive physiology, such as a decreased efficiency due to high metabolic losses of a nutrient (for example via the excretion of microbial matter in animals relying on microbial fermentation of plant fibre).
The apparent digestibility (aD) measures the difference of the amount of a nutrient that is ingested and the amount that is excreted via faeces (Schneider and Flatt, 1975; Robbins, 1993) . It is called 'apparent' because the nutrient measured in the faeces need not necessarily represent only the undigested remains of that nutrient from the ingested diet, but can also represent truly endogenous losses (e.g. enzymes, mucous or sloughed gut epithelium) and microbial matter. Commonly, these endogenous and microbial excretions are summarized in the term 'metabolic losses'. Metabolic losses will be particularly important in aD measurements for nutrients that are secreted by the animal into its digestive tract (protein as enzymes, lipid membranes of sloughed cells, carbohydrates in mucous) or that are major constituents of microbial matter (protein, lipid membranes, phosphorus) (Merry and McAllan, 1983; Storm and Ørskov, 1983) . Under the theoretical assumptions that these metabolic losses are constant for a given food intake and that the true digestibility of a dietary nutrient is also constant, the apparent digestibility of that nutrient will increase with increasing concentration of that nutrient in the diet -because the constant fraction of metabolic losses will represent a smaller percentage of the absorbed portion (Robbins, 1993) . This also means that if a diet that contains only very low levels of the nutrient in question is ingested, negative aD values will be measured. The relationship between the nutrient concentration in the diet and the aD of that nutrient therefore typically is a curvilinear function (Fig. 1a) . When expressed as the relationship between the nutrient concentration in the diet and the apparently digestible nutrient concentration, the resulting function is a linear one (Fig. 1b) in which the slope represents a theoretical 'true digestibility' and the intercept theoretical 'metabolic losses' per unit dry matter intake (Robbins, 1993; p. 293) ; this relationship is also known as the 'Lucas principle' (Van Soest, 1982) due to its first description by Lucas (1964) .
Given the inherent difference in the protein and fat content of the diets typically ingested by carnivores and herbivores, and hence also fed to representatives of these guilds in digestion experiments, one could also hypothesize that the different digestive efficiencies typically reported for these nutrients between members of these guilds are simply caused by that difference in nutrient content, and not by particular physiological differences. In this study, we collated data on the protein and fat content of the diet, and the apparent digestibility of protein and fat in a large variety of mammals, using previous collections on suids and carnivores (Clauss et al., 2010) as the starting base. Our aim was to investigate whether differences in digestive physiology between trophic guilds (carnivore, omnivore and herbivore) and between digestive strategies (non-ruminant or ruminant foregut fermenter, non-coprophageous or coprophageous hindgut fermenter) could be demonstrated with these data, in terms of differences in the slope or in the intercept. Differences in the proportion of metabolic losses should be reflected in different intercepts; for example, animals that excrete more bacterial matter in their faeces could be expected to have lower, that is more negative, intercepts. Different slopes could on the one hand indicate differences in the true digestibility of the actual feeds used in the digestion experiments. For example, plant matter may contain plant waxes that are recovered in the EE fraction of nutrient analysis but are generally indigestible, and may contain fibre-bound nitrogen that is recovered in the CP fraction of nutrient analysis but also has a low digestibility (Van Soest, 1994) . On the other hand, different slopes may also represent species differences in the ability to digest a nutrient.
Materials and methods
We collated literature that reported results of digestion experiments in mammals. The search was performed using species, genus or family names in connection with the terms 'digestibility' or 'digestion' in the search engines Google Scholar and PubMed, and by tracing publications cited in, or citing, the articles thus retrieved. We used only publications that indicated, as a minimum, the concentration of crude protein (CP) or nitrogen (N) and/or ether extracts (EE, 'crude fat') in the diet on a dry matter basis, and either gave data on the aD of these nutrients, or other information that allowed their calculation. Crude protein is conventionally analysed as N, with the resulting N value multiplied by 6.25 (AOAC, 1995; AOAC no. 977.02) . Data given in N were transformed to CP in this manner. Different methods have been in use historically for the determination of EE, which differ in their result depending on the solvent used and whether acid hydrolysis is used prior to the solvent treatment (Steingass et al., 1986) . As most publications do not specify the method sufficiently, we assume that chance variation across studies does not influence results, but emphasize that findings on EE need to be interpreted with this uncertainty in mind. If the absolute nutrient intake via diet and absolute nutrient excretion via faeces were given, aD was calculated by the standard equation of aDð%Þ ¼ Intake À Excretion via faeces Intake Â 100
The content of digestible CP or EE in the diet was calculated by multiplying dietary nutrient content by the respective aD (and dividing by 100). All concentrations were calculated on a dry matter basis. A total of 268 publications for 157 species were collated (Table S1 ) in addition to corresponding data for carnivores collected in the study by Clauss et al. (2010) . Note that there is a large number of additional publications on digestion studies in mammals, such as comprehensive comparative data sets (e.g. Foose, 1982) , which were not included because they do not report CP or EE digestibility. To increase the number of EE data, additional data on domestic ruminants from a combined data set on sheep and cattle (Beyer et al., 1989) were used.
Average body mass data per species were taken from Jones et al. (2009) Crude protein (% DM) dig. Crude protein (% DM) Fig. 1 Different ways to present data on nutrient content and apparent digestibility (aD), using protein in studies with bears as example (sources in Clauss et al., 2010) . (a) The apparent digestibility of a nutrient (for which a constant 'true' digestibility and constant endogenous losses can be assumed) increases with the dietary content of that nutrient. (b) The digestible nutrient content of the diet increases linearly with the nutrient content ( 'Lucas principle'; Lucas, 1964) ; the slope of the linear regression line represents the true digestibility of the nutrient and the (negative) intercept the endogenous losses per unit dry matter intake.
collated the proportions of different diet items of mammals from the literature (without specifying a unit of observation), using a cut-off of 20%; that is, species consuming > 80% of animal or plant matter were classified as carnivores or herbivores, respectively, with species consuming more than 20% of both animal and plant matter classified as omnivores.
Data analyses in comparative physiology are typically performed with one value characterizing a species, which allows analysing the data while accounting for the phylogenetic structure of the data set. This approach, however, was of limited value in this study, because with respect to the measures investigated, a biological unit -a species or a group of species -is characterized by a slope and an intercept, which cannot be represented by one averaged data point of nutrient content vs. digestible nutrient content. This is explained schematically in Fig. 2 . In theory, if the experiments from which the data were collected had been designed ideally with a large-scale species comparison in mind, that is with all experiments covering the same range of nutrient contents, all species data points would have the same x-axis value, and a comparative analysis of species means would be uninformative. However, if we assume a chance spread of data along the x-axis, a comparative analysis of species means could be considered explorative, and should corroborate results derived from the complete data set. Such an additional corroboration has the advantage that the over-representation of domestic and laboratory animal species in the complete data set is reversed. Therefore, our main focus was on analysing the complete data set, not species averages. We are aware that in doing so, we violate assumptions of data independence by pooling data from different taxonomic levels, and allowing bias of the data set by over-represented species.
Another approach that would adequately represent individual species would be to calculate the slope and intercept of each species' individual regression line and compare these data using phylogenetically controlled statistics. A precedence case for such an approach could be interspecific studies of Bergmann's rule that used the correlation coefficient of intraspecific regressions (for a body mass cline along a latitude gradient or a similar proxy) in comparative analyses (Freckleton et al., 2003; de Queiroz and Ashton, 2004; Diniz-Filho et al., 2007) . However, the approach required for the question of this study is not about the presence or absence of a correlation (as e.g. quantified by its correlation coefficient), but its exact nature. The number of species for which these regressions can be characterized with confidence is, in our view, too low to make a speciesbased approach using intraspecific regression lines feasible; until such an approach is possible, all investigations of the existing data must be considered exploratory.
For the approach using the complete data set, relationships between CP and dCP, and between EE and dEE, were evaluated using general linear models (GLMs). To test whether physiological characteristics including diet (trophic level) and digestive systems (foregut or hindgut fermentation, rumination and whether a species was coprophageous or not) influenced dCP and dEE, we used hierarchically nested models in which digestive system (foregut-fermenting non-ruminant, ruminant, hindgut fermenter or coprophageous hindgut fermenter) was nested within trophic level (carnivore, herbivore or omnivore), with CP or EE nested within the higher level effects. Because nesting procedures effectively represent interactions between variables, these models allowed us to evaluate whether diet and digestive systems significantly altered the slopes of relationships between dCP with CP, and dEE with EE respectively. This also implies that intercepts of the nutrient-digestible nutrient relationship can only be compared between groups in a meaningful way if the factor that defines these groups has no significant effect on the slope. An intercept that is lower than expected may simply be linked to a slope steeper than expected (cf. lines a and b in Fig. 2) . If, however, a gentler-than-expected slope is also linked to a lower-than-expected intercept, a tentative functional interpretation may be feasible (cf. lines a and c in Fig. 2 ). To account for effects of phylogenetic affiliations between species, we included the taxonomic level order as the highest level factor in Fig. 2 Schematic representation of the data used in this study. A biological unit (species or group of species) is characterized by a regression line (black and grey lines) with a slope and an intercept. An average data point per species (indicated by dots) does not retain this information. the GLM. Body mass (BM, in g, log 10 -transformed) was included as a covariate.
We compared results from a variety of GLM through stepwise removal of hierarchical factors (as well as excluding order to check for differences with and without phylogenetic effects) and BM. For each model, we calculated the Akaike's information criterion (AIC), and corresponding DAIC scores for each model i (AIC i -minimum AIC), accepting models with DAIC scores ≤2 as having strong support in our data, and those with scores ≤10 as having moderate support Anderson, 2001, 2002) . Whether diet, digestive system, phylogeny and body mass significantly altered effects of CP and EE on dCP and dEE, respectively, was inferred from the presence/absence of these factors in models with low DAIC scores. The relative size of each effect in the best-supported models is indicated as g 2 . Linear regressions according to dCP = a + b CP and dEE = a + b EE were calculated for comparison with 95% confidence intervals for parameter estimates, and these parameter estimates are used when comparing the magnitude of slopes and intercepts for specific groups. Analyses were performed in Statistica v12.0 (Dell Inc, Tulsa, Oklahoma, OK, USA).
For the approach using species averages, one average value per species was calculated for every set of CP-dCP and EE-dEE data; the resulting data set was analysed using both ordinary least squares (OLS) and phylogenetic generalized least squares (PGLS) (Martins and Hansen, 1997; Rohlf, 2001 ). For PGLS analyses, data were linked to a supertree of extant mammals (Bininda-Emonds et al., 2007 , which was pruned to include only the species of concern for our study. We obtained the value of phylogenetic signal (k) (Pagel, 1999; Revell, 2010) estimated with maximum likelihood (Revell, 2010) , using the PGLS command from the package caper (Orme et al., 2010) . Generally, k varies between 0 (no phylogenetic signal) and 1 (the observed overall pattern in the data set is predicted by the phylogeny; similarity among species scales in proportion to their shared evolutionary time) (Pagel, 1999; Freckleton et al., 2002) . We displayed PGLS results only if k was significantly different from zero, or if it was neither different from Table S1 .
zero and one. Statistical tests were performed in R 2.15.0 (Team, 2011) using the packages ape (Paradis et al., 2004) , caper (Orme et al., 2010) and nlme (Pinheiro et al., 2011).
Results
The aD values for both CP and EE showed the typical curvilinear pattern, with an initial distinct increase with increasing nutrient content, and subsequent high levels ( Fig. 3a and d ; for a graph with species averages, see Fig. S1 ), and the typical linear pattern for the relationship of dietary nutrient concentrations with the respective digestible nutrient concentrations ( Fig. 3b and e) . CP and EE concentrations in the diets used in the digestion studies differed for the three trophic guilds (Tables 1 and 2 ). The scatter plots do not indicate systematic differences between the trophic guilds, neither when looking at the complete data set ( Fig. 3b and e) nor when visualizing only a narrower data range dominated by herbivores in which all three trophic guilds are represented ( Fig. 3c  and f) . Nevertheless, the slope of the regression line was gentler in herbivores for both dCP-CP (Table 1) and dEE-EE (Table 2 ) than in carnivores; in the case of dEE-EE, the intercept in herbivores was additionally lower than in the carnivores. This pattern was retained when the data set was limited to the range where all three trophic guilds clearly overlap (Tables 1  and 2 ). Omnivores had a similarly gentler slope for dCP-CP compared to carnivores (Table 1) and shared a similar slope of the dEE-EE relationship with them, yet had a lower intercept than carnivores (Table 2) .
When analysing species means, these patterns prevailed (Tables 1 and 2 ). Both for CP and EE, the phylogenetic signal k was only significantly different from zero in herbivores. Within herbivorous mammals, the pattern of the dCP-CP relationship was similar between the four morphophysiological types (Fig. 4a and b) , but the slope was steeper in coprophageous than non-coprophageous hindgut fermenters (Table 3) . Non-coprophageous hindgut fermenters had the highest intercept (Table 3 ). In contrast, the pattern for dEE-EE indicated a difference between hindgut and foregut fermenters ( Fig. 4c and d) , with a gentler slope in foregut fermenters (Table 4) . Hindgut fermenters shared a steeper slope, but coprophageous hindgut fermenters had a higher intercept than non-coprophageous hindgut fermenters (but see below). When analysing species means, these patterns mostly prevailed (Tables 3 and 4 ). Both for CP and EE, the phylogenetic signal k was only significantly different from zero in non-coprophageous hindgut fermenters. Using species means, the slope of the dEE-EE relationship was lower than in the complete data set for the non-coprophageous hindgut fermenters, due to a high average EE content in the diet of koala (Phascolarctos cinereus) with a concomitant low digestibility. Given the high content of eucalyptus forage in the so-called 'essential oil' lipids, and the low lipid digestibility of eucalyptus (Ullrey et al., 1981; , this outlier appears understandable. Removing it led to a similar Note the general similarity of the patterns, with generally lower dEE concentrations in non-coprophageous hindgut fermenters. Sources in Table S1 . result for the species averages as for the complete data set (Table 4 ). In the complete data set, only two models had DAIC c scores ≤10 for dCP, and only one scored <2 (Table 5 ). In this case, the best-supported model was the most complex one, that is including effects of order, digestive strategy, trophic guild and body mass as covariates. Digestive system was excluded as an effect in the next-best model. The total effect of the best-supported model on dCP resulted in a strong regression (adjusted r 2 = 0.9806, although all models including CP had adjusted r 2 values >0.97), and only the effect of body mass was not significant (Table 5) . However, when the parameter estimates for each nested group were plotted for comparison, very few differences emerged, with only herbivorous hindgut-fermenting primates and proboscideans having generally gentle slopes, and omnivorous members of the orders Carnivora and Chiroptera having relatively steep slopes (Fig. 5a) . Further, only phylogeny (order) had an effect on dCP that was similar in magnitude to that of CP (g 2 = 0.421 and 0.466, respectively), whereas trophic guild and digestive strategy had comparatively small effects on the overall relationship (g 2 = 0.089 and 0.004, respectively; Table 6 ). When plotting proboscideans and primates individually against other herbivores (Fig. 5b) , the gentler slopes are evident, but it also is evident that they may simply be caused by a rather limited range of dietary CP and not necessarily indicate a deviation from the overall pattern. For dEE, two models had DAIC c scores ≤2, namely the most complex model and the model that excluded only digestive system (Table 5 ). The latter was in fact slightly better supported, although we cannot differentiate between these two models based on the AIC alone. However, g 2 for the effect of digestive system was low, 0.023, compared to that for EE (0.383) and order (0.585; Table 6 ). All models revealed strong effects of EE on dEE (adjusted r 2 > 0.98). When the parameter estimates for each group were plotted for comparison, again very few differences emerged: proboscideans had slightly gentler slopes, and omnivorous Eulipotyphla and Rodentia had slightly steeper slopes compared with the other groups (Fig. 6a) . As for dCP-CP, plotting proboscideans individually against other herbivores (Fig. 6b) suggests that the limited dietary EE range precludes the interpretation of a clearly different pattern.
Discussion
The data collation of the present study indicates that dietary content of protein and fat is indeed the most important factor that determines the apparent digestibility of these nutrients. The practical implication of this finding is that any study aiming at a comparison of digestive efficiency between species or species groups needs to account for this effect. The theoretical gain of this finding is that the principle outlined by Lucas (1964) , Van Soest (1982) and Robbins (1993) is generally confirmed, which corroborates the concept of metabolic losses during digestion that are recovered in both the crude protein and the crude fat fraction of faeces.
Limitations of the study
However, a limitation of the Lucas principle as explained in the Introduction section should not be overlooked: The underlying assumption that metabolic losses are constant for a given food intake is a simplification, and the 'true digestibility' estimated as the slope represents a rough average across the diets used. More detailed concepts, that account for variations in endogenous losses depending on intake level and diet characteristics, are used in sophisticated production animal nutrition (e.g. Stein et al., 2007 ) -but cannot be applied to broad data sets such as ours.
The question whether taxonomic groups, trophic guilds or digestive strategies differ with respect to metabolic losses according to the Lucas principle is difficult to answer. A major constraint of the present or omnivores (white symbols) and of the digestive strategies non-coprophageous hindgut fermenters (circles), coprophageous hindgut fermenters (squares), non-ruminant foregut fermenters (diamonds) and ruminant foregut fermenters (triangle); slope estimates from the bestsupported model in Table 5 (*only artiodactyl members of the Cetartiodactyla). (b) Relationship of the concentration of dietary crude protein (CP) with the concentrations of digestible CP (dCP) in herbivorous mammals. Note an apparent difference in the slope of the data patterns for primates and proboscids that corresponds to the model outcomes indicated in (a) but does not allow considering the difference relevant due to the small range of dietary nutrient. Table 6 Relative effect size for factors included in the best-supported models (cf. work is that data were collated from a large variety of studies, none of which was specifically designed to investigate this question. To what extent a large collation of data from various sources can reliably indicate physiological differences remains an open question, although the use of collated data sets is a cornerstone method of comparative physiology (Schmidt-Nielsen, 1984; Calder, 1996; McNab, 2002; Sibly et al., 2012) . Data collections from various digestion studies have been used in the past for various studies investigating differences between species or representatives of feeding types or digestive strategies (Justice and Smith, 1992; Robbins, 1993; P erez-Barber ıa et al., 2004; M€ uller et al., 2013) . Hagen et al. (2015b) showed that differences in the digestive efficiency, demonstrated between species of small herbivores in individual comparative studies where several species were assessed in the same experiment, were not evident in a larger scale data collection collating data from many individual experiments, which underlines the self-evident fact that interpretations drawn from larger scale collections must be made with caution. In particular, variation in experimental conditions may mean that an absence of differences is more probable in data collations based on a large number of individual studies. An additional limitation of the present study is that for the question investigated, control for phylogeny by commonplace methods such as phylogenetic generalized least squares requires a reduction in the available information to species averages, when slopes and intercepts in relationships within species are the main interest of investigation. We included the taxonomic order as a factor in some of the models used to analyse the data, and models including this taxonomic indicator invariably showed a better data fit than those that did not include it (Table 5) . Neither trophic guilds, digestion strategies nor body mass are equally distributed among the taxonomic orders (for example, there are no foregut-fermenting or non-herbivorous perissodactyls or proboscideans), making it difficult to judge to what extent the factor 'order' captures these effects already. Additionally, the evaluation focuses on slopes of relationships that differ, between species or groups, in their data range; note for example the limited CP range of proboscidean diets when compared against all herbivores (Fig. 5a) . Thus, it is likely that any additional factor introduced to fractionate the data set (such as 'order') yields a better data fit of the corresponding model, and therefore, selecting models simply based on their data fit may not be functionally relevant. The same reason -an extremely variable range of diets tested within individual species, with very limited variation in many species in the data set -makes an approach of comparing species-specific regression line parameters (slope or intercept) unfeasible to date. Until such species-specific regression lines become available on a larger scale, the results of the present study remain preliminary and await more controlled testing.
Two different strategies were used in the present study to counter the problem of uneven data spread across the range of diets used, and species investigated, in the complete data set. On the one hand, analyses were repeated when restricted to the diet range in which all trophic guilds were represented; on the other hand, species means were analysed accounting for the phylogenetic structure of the data set. This latter approach also abolished the bias towards data from domestic species. The results of these analyses corroborated those gained from the complete data set.
Differences between trophic guilds
Apart from the fundamental similarity of the patterns across the trophic guilds (Fig. 3) , the most striking pattern of the data set is the gentler slopes, indicating a generally lower true digestibility, of both protein and fat in herbivores as compared to carnivores, which occurs both in the complete data set or in a more limited range of nutrient contents (Tables 1 and  2) . A parsimonious explanation for this observation is that diets used for herbivores contain components that are represented by the results of CP and EE analyses but are comparatively indigestible, such as plant waxes or fibre-bound nitrogen (Van Soest, 1994) . In horses, it has been shown that true protein digestibility is related to dietary fibre content or the dietary concentration of non-fibre-bound protein (Zeyner et al., 2010 (Zeyner et al., , 2015 Clauss et al., 2014) . Unfortunately, fibre-bound protein is not routinely included in herbivore digestion studies. For CP, the difference between the trophic guilds is evident irrespective of whether herbivores are considered as a whole (Table 1) or whether the different herbivore digestion strategies are considered individually (Table 3) . Therefore, it appears reasonable to assume that carnivore diets contained lower proportions of truly indigestible CP than herbivore diets. Whether this difference would also hold for carnivores feeding on whole prey where relevant proportions of CP are bound in tissue of low digestibility, such as hair, skin, tendon or bone, remains to be investigated. For EE, the difference between the trophic guilds appears to be related to the foregut-fermenting herbivores (Table 4) and not to herbivores in general, because hindgut-fermenting herbivores have similar slope estimates for the regression equation as carnivores. Therefore, the negative effect of plant waxes in the overall data set is most likely less important than that of fibre-bound nitrogen. An instructive outlier in this respect was the koala, who affected the slope in the analysis based on species means in the non-coprophagic hindgut fermenters, and whose diet might be characterized by a high proportion of indigestible lipid, or whose low metabolism and particularly long digesta retention time (Cork and Warner, 1983 ) might result in particularly high metabolic lipid losses.
One noticeable characteristic of the data collation is that there are few parallel patterns for CP and EE. As mentioned, the gentler slopes of the regression equations for both nutrients in herbivores as compared to carnivores are different with respect to the more differentiated look at herbivore digestive strategies. A fundamental difference between the two relationships is that any metabolic losses of CP -which is measured in proximate nutrient analysis as nitrogen -derive, necessarily, from dietary intake (because animals cannot synthesize nitrogen or use its atmospheric form in the air they breathe). At metabolic equilibrium, in a non-catabolic state, animals cannot excrete more nitrogen in the faeces than they ingest with their diet. In contrast, lipids that are measured in proximate analysis as EE may be synthesized by gut microbes from carbohydrates in the digestive tract (e.g. Sutton et al., 1970; Wu et al., 1991; Doreau and Ferlay, 1994) , and could hence theoretically be excreted in higher quantities than they are ingested even in the absence of endogenous losses.
Assuming that faecal CP and EE losses should be elevated in animals with higher metabolic microbial faecal losses, the observation that herbivores have a lower intercept in the dEE-EE relationship than carnivores (Tables 2) appears understandable. Assuming a similar magnitude of endogenous nitrogen losses in carnivores, omnivores and herbivores, one could hypothesize that a higher proportion of these endogenous losses are used for the growth of microbes in the hindgut in omnivores and herbivores, which are subsequently excreted as metabolic losses. Because these microbes also contain lipid, the result would be similar metabolic losses of CP between the trophic guilds but higher metabolic losses of EE in herbivores.
Differences between herbivore digestion strategies
In theory, one would expect non-coprophageous hindgut fermenters to have the highest metabolic faecal losses, and coprophageous hindgut fermenters the lowest -due to the re-ingestion of microbial matter via coprophagy in the latter. Therefore, the observation that non-croprophageous hindgut fermenters have a lower intercept in the dEE-EE relationship than the coprophageous hindgut fermenters (which via coprophagy recycle microbial matter including lipids (Leiber et al., 2008) ) (Table 4 ) appears understandable. A visual inspection of these data, however, does not necessarily convince of a clearly evident pattern (Fig. 3c) , and again, a similar parallel pattern for the dCP-CP relationship is not evident (Fig. 3a) . Given that CP represents a higher proportion of the biomass of microbes than EE (Storm and Ørskov, 1983) , the absence of a parallel pattern suggests that current empirical data do not support a concept of differences in metabolic losses between digestion types.
A similar conclusion has been made in the past, based on smaller data sets. There was no difference in the dCP-CP and dEE-EE relationships between coprophageous herbivores and horses (Hagen et al., 2015a) , which suggests that the difference in the data set of the present study is due to the inclusion of elephants in the non-coprophageous hindgut fermenter category. There were no evident differences in the apparent CP digestion between foregut-fermenting hippopotamus and large hindgut fermenters (Schwarm et al., 2006) , and also no evident difference between foregut-fermenting tayassuids and hindgutfermenting suids . Finally, no systematic difference in metabolic faecal nitrogen could be demonstrated between herbivores of different digestive strategies in a large collection of zoo animals (Schwarm et al., 2009) . The results of the present study, therefore, add weight to the hypothesis that metabolic faecal losses, as measured by the digestive efficiency for CP or EE, do not differ systematically between different digestion strategies.
The main difference between digestion strategies that is visually evident in the data set is the difference in slope in the dEE-EE relationship between hindgut and foregut fermenters (Fig. 3c,d) . In contrast to the difference in this slope between the trophic guilds, this difference within the herbivores cannot be explained by a fundamental difference in the true digestibility of EE in the diets used in the experiments. Rather, a different mechanism must be involved. Microbial action in a forestomach inevitably leads to varying degrees of hydrogenation, that is saturation of dietary fatty acids, prior to their absorption in the small intestine. The adipose tissue of both non-ruminant and ruminant foregut fermenters therefore generally contains a lower proportion of polyunsaturated fatty acids than that of hindgut fermenters . Although microbial fatty acids apparently are slightly better digestible than other fatty acids (Schmidely et al., 2008) , saturated fatty acids are apparently less digestible than unsaturated ones (Wu et al., 1991; Doreau and Ferlay, 1994; Schmidely et al., 2008) . Therefore, the hydrogenation action of the forestomach microbiome might explain the lower true EE digestibility observed in both non-ruminant and ruminant foregut fermenters as compared to hindgut-fermenting herbivores (Table 4 ). The fact that digestion type itself is not necessarily part of the best-supported model of the dEE-EE relationship (Table 5 ), in spite of this difference in slopes, again underlines that a bestmodel-approach should not be considered alone.
The digestion of CP and EE is initiated in the glandular stomach and achieved mainly in the small intestine by the emulgating action of bile (EE only) and digestive enzymes (Stevens and Hume, 1995; Karasov and Mart ınez del Rio, 2007) . There is demonstrable variation in individual components of this system, such as in the enzymes evolved convergently in various lines of foregut fermenters that aid in the digestion of microbial nitrogenous substrates, namely lysozymes (Stewart et al., 1987; Pacheco et al., 2007) and ribonucleases (e.g. Havinga and Beintema, 1980; Zhang, 2003) . Whether similar adaptations for the digestion of microbial lipids or microbially modified lipids exist among foregut fermenters has, to our knowledge, not been investigated. To date, empirical data suggest that the result is a functional convergence between the digestive strategies with respect to protein and fat digestion. In other words, digestive anatomy and physiology do not represent constraints with respect to protein and fat digestion, which could evolve to similar efficiency across mammals.
The distinctive variety in mammalian gastrointestinal anatomy and physiology is fascinating. Fundamental differences can be demonstrated between the digestive strategies, in particular with respect to fibre digestion (e.g. Clauss et al., 2015) , or with respect to the degree digesta is 'washed' by fluids in the digestive tract (M€ uller et al., 2011) . However, several measures that were traditionally considered different between digestive strategies, such as voluntary food intake or particulate digesta retention (Janis, 1976; Illius and Gordon, 1992) , have been shown more recently to less evidently discriminate between these digestive strategies (Meyer et al., 2010; M€ uller et al., 2013) . Potentially, the magnitude of metabolic losses is another characteristic that does not allow a differentiation of these strategies.
Further studies investigating the relationship of digestive morphophysiology and metabolic losses need to specifically target microbial matter in faeces with more specific approaches than crude nutrient analyses. Putative simple methods, such as the combination of detergent fibre and nitrogen analysis, allow the quantification of metabolic faecal nitrogen but not a more detailed differentiation between endogenous and microbial components (Schwarm et al., 2009) . Here, the quantification of faecal marker amino acids for bacteria, such as diaminopimelic acid (Mason, 1979) , might be useful. Similarly, although bacterial lipids are considered measureable by solvent extraction as in EE analysis (Storm and Ørskov, 1983) , quantification of more specific faecal bacterial lipid markers might be useful, such as branched-chain fatty acids (Body and Hansen, 1978) . Such methods are not in the conventional repertoire of the digestibility studies from which the data of the present investigation were taken.
In conclusion, the present study fails to demonstrate clear differences in digestive efficiency and metabolic losses for protein and fat between mammalian trophic guilds and digestive strategies. This leads to the hypothesis that, even though these nutrients may be limiting in certain situations -in particular protein, which may lead to adaptations in terms of nutrient requirements (Midgley, 2005) -the process of their digestion is not physiologically challenging and hence does not lead to a noticeable differentiation between species or species groups.
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